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Abstract

Separation of cancer cells gives advantages in understanding the disease, guiding treatment
decisions, and facilitating drug development. Overall, separation plays an important role in
biological research. Acoustophoresis is a technique that utilizes acoustic waves to separate
particles and cells suspended in a buffer medium. The efficiency of this separation process
depends on the relative acoustic mobility of the cells and particles compared to the buffer
medium. Factors such as density, size, and compressibility determine the mobility ratio, with
a higher ratio indicating better separation. In this thesis, the mobility ratios between the
particles and cells targeted for separation were evaluated, with the goal to select the optimal
buffer medium that yields the highest separation. Polystyrene beads, DU145 prostate cancer
cells, and MCF7 breast cancer cells were used for the experiments. By optimizing the buffer
medium, the acoustic mobility of the particles and cells was modified. One of the findings
was that the most effective buffer medium for separating polystyrene beads in varying sizes
was determined to be 20% Iodixanol, highlighting differences in material properties between
the beads. For DU145 cells, the addition of Iodixanol to the buffer resulted in optimal
separation from the polystyrene beads. Except in the case of 4.99 µm beads, where PBS
proved to be the optimal buffer medium. For MCF7 cells, a sign change for the acoustic
contrast factor was obtained when adding 10% and 20% Iodixanol to the buffer, indicating
optimal separation. With this knowledge, the behaviour of these cell lines are clearer and
future research can be made in order to obtain separation between these cells and other cells.
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Popular science article

Separation of cancer cells is used in biological research and is an important tool in under-
standing the disease. Separation of one cell type from another can be obtained by using
acoustophoresis - a process that utilizes sound waves in a microfluidic chip. Acoustophoresis
has proven to be highly advantageous in the fields of biological research and disease dia-
gnostics. Its benefits include the requirement of only small sample volumes, making it a
cost-effective technique. Moreover, acoustophoresis maintains the viability of the cells that
are separated. Presently, acoustofluidic devices enable the separation of lymphocytes from
granulocytes, as well as the isolation of white blood cells from platelets, among other ap-
plications involving the manipulation of small cell samples. To make the separation work,
transducers are placed on the channel wall of the microfluidic chip. This will apply an
acoustic standing wave field to the main flow channel. Depending on the properties of the
cells, such as size, density and compressibility, the cells move in different speeds. The half
wavelength resonance applied will make faster cells migrate to the center of the channel and
slower will migrate to the sides of the channel. This will lead to separation of particles with
different properties. In this thesis, different buffer mediums were used in order to enhance
separation between two different cell lines and polystyrene beads. The aim is to gain a deeper
knowledge in how the cells behave in the different buffers and if it is possible to separate
them from beads. With this knowledge, future research can be made in order to obtain sep-
aration between these cell lines and other cells. This in turn would help biological research
and disease diagnostics forward. Furthermore, this thesis aims to explore the behaviour for
polystyrene beads in varying sizes and in different buffers. Their behaviour is of importance
in research, since they are commonly used. To determine how well the separation was, the
mobility ratios between the cells and beads were calculated. In other words,the displacement
of particles and cells from their initial position in the chip was measured. A higher mobility
ratio would indicate better separation.

The thesis utilized polystyrene beads in different sizes that were separated from each other
using two different buffers: MQ water and 20% Iodixanol. Moreover, two cell lines were
used: DU145, a prostate cancer cell line, and MCF7, a breast cancer cell line. These cancer
types are among the most common in modern times and were obtained from humans and
cultivated in a suitable laboratory setting to obtain an sufficient quantity of cells for experi-
mentation. Three different buffer media were tested for the cells: phosphate-buffered saline
(PBS) and two concentrations (10% and 20%) of Iodixanol. It was observed that, in general,
the separation of DU145 and MCF7 cells was most effective when Iodixanol was added to
the buffer medium. Particularly for MCF7, the addition of Iodixanol change the sign of the
acoustic contrast factor of the cells, causing them to no longer migrate towards the central
outlet, thereby enhancing separation. Another interesting finding appeared from the exper-
iments involving only polystyrene beads, where a higher mobility ratio was achieved in 20%
Iodixanol compared to MQ water. This suggests that the polystyrene beads have distinct
material properties despite sharing the same composition. This unexpected outcome should
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be investigated further.

Throughout the experiments, different challenges were encountered. Fibers were found inside
the chip that hindered its proper utilization. Furthermore, changing and tuning the total
flow rate became a problem. Attempts were made to clean the chip multiple times to get rid
of the fiber, but without satisfactory outcome. As a result, a few experiments had to be run
with fibers present in the chip due to the limited availability of cells. However, a test run
was also performed using polystyrene beads in the presence of the same fiber to assess the
potential impact on the results. Fortunately, the fiber did not affect the outcomes. The issue
with flow rate calibration was resolved by adjusting it gradually rather than making sudden
changes. Consequently, all experiments took longer than expected, limiting the ability to
test as many buffers as initially planned. Furthermore, working with cells proved to be more
challenging than expected. One can sometimes forget that they are living creatures and
needs to be treated as such.

The conclusion that can be drawn from this thesis is that in general, adding Iodixanol to
the buffer gives a better separation for DU145 and MCF7 cells, as well as for polystyrene
beads. This knowledge can give a deeper understanding in cancer biology with a future goal
to separate these cancer cells from other cell lines. However, further research needs to be
done regarding the material properties of the beads. As MCF7 has negative contrast factor
when adding Iodixanol up to 20%, they would be possible to separate from DU145 in that
specific buffer. However, it would also be interesting to test this hypothesis since we know
that science does not always give the intended outcome.
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Notations and symbols

Symbol Description

Re Reynolds number
µ Viscosity of fluid
u Average flow speed of fluid
p1 First order of pressure field pa
k Wavenumber
ϕ Acoustic contrast factor
ϕ1/ϕ2 Acoustic contrast factor for particle 1 devided with particle2
ρp Density of the particle
ρm Density of the medium
κp Compressibility of the particle
κm Compressibility of the medium

F⃗rad Radiation force

F⃗drag Stokes drag force
a Radius of the particle/cell
Eac Acoustic energy density
Qtot Total flow rate
Qin Inlet flow rate
Qout Outlet flow rate
rin Inlet splitting ratio
rout Outlet splitting ratio
η Dynamic viscosity of the fluid
vp(y) Particle velocity in y-direction
MR1,2 Mobility ratio of particle 1 over particle 2
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CHAPTER 1

Introduction

The objective of this chapter is to provide a comprehensive background and outline the aims
of the thesis.

Acoustophoresis is a microfluidic method that utilizes ultrasound in order to move cells and
particles in an acoustophoretic chip [1]. In this chip, particles suspended in a buffer medium
are affected by an acoustic radiation force when exposed to an acoustic standing wave field
[2]. The half wavelength resonance affects particles to move either to the pressure node of
the channel located in the center of the acoustophoretic chip, or to the antinode located on
the sides of the acoustophoretic chip [2]. As a result, the particles can exit the chip through
different outlets, leading to separation. The force acting on the particles depends on particles
properties such as density, size and compressibility [1]. This enables manipulation of cells
and particles on the micro scale [3][4].

In acoustic separation, the buffer conditions used are important. Since the acoustic mobility
of cells depends on the buffer medium [5], the medium can be modified and optimized in
order to obtain better separation of cells in a sample. For example, some sub populations of
cells have similar acoustic mobility conditions in water that hinders an efficient separation.
The selection of a buffer can be examined by studying the mobility ratio between particles.
According to Urbansky et al, [3] modifications in the properties of the medium can impact
the separation. Typically, particles denser than the suspending medium exhibit a positive
acoustic contrast factor. The sign on the contrast factor cause the particles to migrate
towards the pressure node or the antinode within the acoustic field. However, when the
density of the medium is increased and its compressibility is decreased, the acoustic contrast
factor of the cell decreases. As a result, the acoustophoretic mobility of the cell is reduced.
By achieving a negative acoustic contrast factor, the cell can be directed towards the pressure
antinode, facilitating movement in that direction [3].

There are many biological applications for acoustophoresis, such as isolate circulation tu-
mor cells from blood or separate different leukocyte subpopulations from each other [6] [7].
Improved separation of cells or specific substances from a mixture is of great advantage in
biological research and disease diagnostics, since other cells or substances in the mixture
can contribute to incorrect data [8]. Separation efficiency and purity can be examined by
labelling the cells and use flow cytometry [6]. Acoustophoresis is a label-free technique and
the requirement of only small sample volumes make it cost effective [5]. It is also a method
that is easy to use. Furthermore, it preserves the viability of the separated cells [3].

This thesis will utilize two different cancer cell lines together with polystyrene beads. The
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buffer medium is modified to evaluate the acoustic properties of the cells. The effectiveness
of the separation process is determined by calculating the mobility ratios between the cancer
cells and the particles. A higher mobility ratio would indicate better separation. Acous-
tophoresis is used throughout the experiments to investigate the behavior of the cancer cells.
This knowledge is valuable for future studies and gives a start to research the possibility to
separate these cancer cells from other cell types, and what buffer to use in order to do so.
In other words, experiments with cells with polystyrene beads can provide initial insights
and help optimize experimental parameters in order to have a possibility to separate these
cancer cells from other cell types in a blood sample in the future. This would in turn help
cancer research and disease diagnostics forward. Currently, the optimal buffer for effectively
separating these cancer cells has not been identified. The use of polystyrene beads allows for
easier evaluation of the results with cancer cells, as the behaviour of the beads is well known
in research. Furthermore, polystyrene beads are easy to use and does not need delicate
handling as cells do.

1.1. Thesis aims

This thesis aims to explore the potential of altering and optimizing buffer mediums and
thereby the ratio of the acoustic mobility for two distinct cell lines - DU145, a prostate
cancer cell line, and MCF7, a breast cancer cell line - with polystyrene particles in different
sizes. By doing so, it is hypothesized that the acoustic mobility ratio can be modified,
potentially leading to improved separation capabilities between polystyrene particles and
cells. This thesis also aims to evaluate if the flow measurement of the mobility ratio can be
used to optimize the buffer.
Experiments using only polystyrene particles in different sizes and in different buffers should
also be evaluated in order to explore their separation. This will give valuable knowledge
about the behaviour of polystyrene beads and their material properties. This is important
since polystyrene beads are often used as reference beads in research.

To sum up, the overall goals of this thesis are to:

- Enhance the separation between two different cancer cell lines and polystyrene beads by
modifying the buffer medium and thereby evaluate the behaviour of the cancer cells in the
different buffers
- Evaluate separation between polystyrene beads of different sizes
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CHAPTER 2

Theory

The objectives of this chapter are to provide an understanding of the principles behind acous-
tophoresis. It will also illustrate the setup employed in this thesis and explain how to optimize
a buffer connected to the setup.

2.1. Acoustophoresis

The fluid flow within the channel of an acoustophoresis chip displays laminar flow which
is characterized by smooth and predictable flow lines within the channel. Laminar flow is
necessary for enabling the simultaneous movement of two or more fluids in a microchannel
without interference. This is due to the simplicity with which laminar flow can be modeled.
It is also due to its predictability. Laminar flow occurs at low Reynolds numbers, where
the fluid flows in distinct layers. Usually, acoustophoretic separation occurs at low Reynolds
number [9].

The Reynolds number is defined as the ratio of inertial to viscous effects in a channel flow:

Re =
ρuL

µ
(2.1)

with ρ being the density of the fluid, u the characteristic flow speed, L the characteristic
linear dimension and µ the kinematic viscosity of the fluid. With a Reynolds number smaller
than one, hence a very low number, the inertial forces are negligible compared to the viscous
forces [10].

By having two acoustic waves with the same frequency and amplitude but with the opposite
direction of propagation, one can obtain the acoustic standing waves by superimposing these
two acoustic waves. Furthermore, channel resonance is used in order to construct an acoustic
field that results in lateral forces. The pressure field can be expressed as following:

p1 = pa · cos(ky) (2.2)

with pa being the amplitude of the first order pressure field, k = 2πλ the wave number and
y the position of the particle. This is the expression used for one dimension. The radiation
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force induced by the acoustic field will move the particle to the pressure node or to the anti-
node. What direction the particle will move depends on size, density and compressibility of
the particle compared to the buffer medium. A particle with a positive contrast factor will
migrate to the pressure node, and a particle with a negative contrast factor will migrate to
the pressure antinode [11].

Pressure antinode Pressure node Pressure antinode

Φ < 0 Φ > 0 Φ < 0

L = λ/2

Figure 2.1.: Channel cross section with an acoustic standing wave. Towards the pressure
node in the center of the channel, particles with a positive contrast factor will
migrate. Particles with a negative contrast factor migrate to the antinodes

The acoustic contrast factor can be described as following:

ϕ =
5ρp − 2ρm
2ρp − ρm

− κp

κm
(2.3)

with ρp being the density of the particle, ρm the density of the medium, κp the compressibility
of the particle and κm the compressibility of the medium. The difference in contrast factor
between particles or difference in size will lead to a difference in radiation force. The radiation
force can be described as following:

F⃗rad = −4πϕka3Eacsin(2ky) (2.4)

with a being the radius of the particle and ϕ the acoustic contrast factor. The difference in
the radiation force will make up for the separation of particles. Eac is the acoustic energy
density and is described as:

Eac =
p2a

4ρmc2
(2.5)

where ρm is the density of the medium and c the speed of sound in medium.

In figure 2.2, a sketch on the chip looking from above, of the particles in the pre-focusing
channel is presented. In figure 2.3, a sketch on the chip looking from above, of the particles
in the main channel is presented. The figures show how the particles of different sizes behave
in the microfluidic chip.
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Figure 2.2.: Sketch on the chip looking from above of the prefocusing channel, with two
particles with different sizes prefocused in two streamlines. The acoustic stand-
ing wave has the wavelength of the channel width

Figure 2.3.: Sketch on the chip looking from above of the main channel with the bigger
particles (red), being affected by a higher radiation force than the smaller
particles (green). Hence, red ones travel faster towards the the center of the
channel which in turn leads to separation of the particles. The acoustic stand-
ing wave having the wavelength equal to two times the channel width

2.1.1. The set up

The acoustophoretic chip used in this thesis has a main channel being 375 µm and the pre-
focusing channel 300 µm. A general setup of the acoustophoretic chip is shown 2.7 and the
working set up used in this thesis is showed in 2.4 and is illustrated in 2.5. A sample enters
the side inlet of the acoustophoresis chip and the buffer enters through the center inlet. The
particles will exit through the side outlet or the center outlet, depending on the acoustic
mobility of the particles.

k)

j)

i)

l)

h)

g)

f)

e)

d)

c)

b)
a)

Figure 2.4.: Figure of the set-up that was used for all the experiments in this thesis. a)
Camera b) Flow control c) Microscope d) Acoustophoresis chip used during all
experiments e) Pressure driven system f) Tubes for sample inlet, center outlet
and side outlet g) Buffer h) Temperature control i) Amplifiers j) Oscilloscope k)
Signal transducer l) lamp to enhance the picture from the camera
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Figure 2.5.: Schematic figure of the acoustophoresis set up. The sample enters through
the side inlet and the buffer enters through the center inlet. The sample is
pre-focused in the pre-focusing channel. In the main channel, the sample is
separated and the acoustically focused particles exit in the center outlet. The
wash buffer is changed according to what should be tested. Figure taken from
[11]

In order to achieve a more efficient separation a pre-focusing channel is used. The pre-
focusing channel has a resonance frequency that differs from the resonance frequency of the
main channel. The pre-focusing channel has a resonance frequency around 5 MHz and the
main channel around 2 MHz, see figure 2.6. When particles enter the pre-focusing channel,
they are pre-aligned using a 5 MHz transducer. This transducer focus the particles in two
lines - height and width, into two parallel bands. This is done by generating an acoustic
pressure node from top to bottom as well as a double node across the width of the channel.
When the particles enter the main channel, close to the channel wall, they will have the
same starting position that will result in a better separation. The 2 MHz transducer in the
main channel creates an acoustic standing wave field. A pressure node will be situated in
the middle of the channel. The particles will now move depending on their acoustophysical
properties [3]. See figure 2.5 for cross-section of the pre-focusing and main focusing of
particles.

Center InletSide Inlet Center Outlet Side Outlet

5 MHz Transducer 2 MHz Transducer

Flow Direction

Figure 2.6.: Drawing of the acoustophoresis chip, with the side inlet to the left and side
outlet to the right (hence the flow in the chip going from left to right)

The total flow rate in the main channel can be described with following equation:

Qtot = Qs,in +Qc,in = Qs,out +Qc,out (2.6)
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where Qtot is the total flow rate, Qs,in is the flow rate in the side inlet, Qc,in is the flow rate
in the center inlet, Qs,out is the flow rate in the side outlet and Qc,out is the flow rate in
the center outlet. When the flow rate in the system changes the migration of the particles
will change. If the flow rate decreases the particles will have longer time to migrate and the
separation will be better.

Figure 2.7.: Drawing of the acoustophoretic chip, with the side inlet to the left where the
sample enters and side outlet to the right where particles with the lowest acoustic
mobility (here; blue) exits. The buffer enters through the center inlet and the
particles with the highest acoustic mobility (here; red) exits through the center
outlet. The pre-focusing piezo to the left and main focusing piezo to the right.
The flow goes from left to right

The inlet splitting ratio is described as:

rin =
Qs,in

Qtot
(2.7)

and the outlet splitting ratio can be described as:

rout =
Qs,out

Qtot
(2.8)

2.1.2. Buffer optimization

Buffer optimization is a process used in acoustophoresis to enhance the efficiency and se-
lectivity of particle manipulation. The goal is to modify the properties of the buffer solution
in order to get an optimized response of the cells/particles that are supposed to be manip-
ulated. If modifying the buffer solution, density and compressibility can be influenced. The
density of the buffer solution affect the acoustic radiation force on the particles [3][12].One
can thereby affect the acoustic contrast factor of particles and cells by modifying the buffer.
Obtaining particles and cells with different signs on the acoustic contrast factors would yield
optimal separation.

In this thesis, phosphate-buffered saline (PBS), 10% and 20% Iodixanol are used as buffers.
The Iodixanol-containing buffers are prepared using Optiprep, which is a density medium
with a concentration of 60% w/v and a density of 1.320 ± 0.001 g/ml. Optiprep is utilized
to adjust the density of the buffer medium. To achieve the desired density, Optiprep is
diluted with a buffer solution, specifically PBS (10x phosphate-buffered saline). PBS is
chosen due to its comparable ionic strength to the cytoplasm of mammalian cells, making it
an appropriate choice for maintaining cellular integrity. Moreover, PBS serves as a balanced
salt solution, providing a suitable environment for experimental conditions. To make these
buffers, 10% Iodixanol are prepared with 16.67 mL 60% w/v Optiprep, 10 mL of 10x PBS
and 73.33 mL MQ water. The buffer containing 20% Iodixanol are prepared with 33.33 mL
60% w/v Optiprep, 6.67 mL of 10x PBS and 60 mL MQ water.
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The acoustic contrast factor depends on both the properties of the particles and the buf-
fer, see equation 2.3. However, the optimal buffer will depend on the cell and the wanted
outcome of the experiment. Overall, buffer optimization is an important tool for optimiz-
ing the performance of acoustophoretic systems, and can lead to improvements in particle
manipulation efficiency and selectivity.
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CHAPTER 3

Background regarding cell lines

The main objectives of this chapter is to give a background regarding the cell lines used in
this thesis - DU145 and MCF7.

3.1. Prostate cancer and breast cancer

Aged or impaired cells undergo programmed cell death, allowing for the replacement with
fresh cells. Cancer on the other hand is defined by the uncontrolled proliferation of cells
that have evaded the natural regulatory mechanisms within the body. Traditionally, cancers
are classified based on the organ or tissue from which they originate. However, considering
molecular characteristics specific to the cancer cells themselves has become more important
in the classification process [13].

Disruptions can occur within this well-regulated process, leading to the proliferation of ab-
normal or damaged cells. Consequently, the formation of tissue masses known as tumors
may transpire. Tumors can be categorized as either cancerous (malignant) or non-cancerous
(benign) [14].

In 2018, cancer emerged as the second most prominent cause of mortality worldwide, con-
tributing to approximately 9.6 million deaths, representing one in six recorded fatalities
[15].

The two cancer cell lines used in this thesis are DU145 and MCF7. DU145 cell line is a
prostate cancer cell line isolated from humans and are about 20 µm in diameter [16]. The
cell line has epithelial morphology expressing a polygonal shape. Prostate cancer is the most
common cancer disease that affects men. In the early stage, most prostate cancer cells grow
slow and as long as the cancer is limited to the prostate gland the symptoms are usually
weak [17]. MCF7 cell line are epithelial cells isolated from the breast tissue from humans.
They are about 20-30 µm in diameter. Breast cancer is one of the most common type of
cancer for women [18].

3.1.1. Cell culturing

DU145 cell line and MCF7 cell line are grown in the cell laboratory due to the standard
process of cell culturing. The cells are cultivated in a cell medium with suitable nutrients
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combined with anti fungi and antibiotics. As this prevents the cells from getting infected
by fungi, bacteria or other microorganisms, this will strengthen the growing process of the
cells.

The cell growth medium is changed regularly during the week and cell splitting is done once
or twice a week. The cell splitting is done in order to have a balanced amount of growing
cells in the flask.

Cell splitting is a procedure in which the cultivated cells in a flask are transferred and divided
into smaller portions, that are then transferred to new flasks. This process involves the use
of trypsin, PBS, and cell growth medium. Trypsin acts as a proteolytic enzyme, facilitating
the detachment of adherent cells from the flask’s surface. PBS is employed to neutralize the
effects of trypsin, allowing the cells to be split and transferred to new flasks containing fresh
cell culture medium.

When cells are required for experiments, they are transferred from the flask onto petri dishes
and cultivated for several days to allow them to grow to a suitable quantity, as shown in figure
3.1. Following cultivation, the grown cells are centrifuged to obtain a cell pellet containing
only cells. To visualize the cells during the experiment, they are stained with fluorophore-
conjugated antibodies. A small quantity of these antibodies is added to the cell solution and
incubated for 25 minutes before being ready for use in the experiment.

All medium used when working with cells are heated to 37◦C before usage and the cells are
kept at 37◦C in an atmosphere of 95% air and 5% CO2.

(a) (b)

Figure 3.1.: The appearance of DU145 cells and MCF7 cells growing on petri-dishes in growth
medium, for experiments. a) DU145 cells growing on a petri-dish. b) MCF7 cells
growing on a petri-dish

The cells in this thesis are stained with two different types of fluorophores to assess which
staining appears more pronounced through the camera: calcein AM or EPCAM. The staining
with calcein AM was found to be superior and is used in all the experiments. Calcein AM,
also known as calcein acetoxymethyl ester, is a cell-permeant dye. Following intracellular
esterase-mediated hydrolysis of the acetoxymethyl ester, the initially non-fluorescent calcein
AM undergoes conversion into its fluorescent counterpart, calcein [19].

PBS is used when working with cells since cells will disintegrate if suspended in water due
to the osmotic pressure difference [20]. The cells are kept on ice when not being used for
experiments to slow down metabolic processes and maintain cell viability [21].
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3.1.2. Concentration of cells using FACS

The concentration of cells used for each experiment is different every time. It is possible to
use Fluorescence Activated Cell Sorting, FACS, to evaluate the concentration. However, this
needs to be done for each and every experiment as the concentration differs. In this thesis,
it was not possible to do that for every experiment since there was limited amount of cells
to work with and all of them were used during one experiment.

A single FACS test was conducted on an MCF7 experiment to obtain a preliminary assess-
ment of the cell concentration for at least one experiment. Initially, a sample consisting
of 20 µL of cells was prepared by suspending them in 1 mL of PBS buffer solution and
subsequently stained with calcein AM. The flow cytometer was set up for analysis, and the
sample was introduced. As the cells passes individually through the laser beam in the set
up, they scatter a portion of the laser light. The attached fluorochromes emit fluorescence,
which is captured by the detectors within the flow cytometer. The flow cytometer record
the emitted fluorescence, as well as forward scatter (indicative of cell size) and side scatter
(reflecting cell complexity/granularity) [22].

In figure 3.2a, the live cells are gated as P1. The rest is most likely dead cells or cell debris.
The gated cells are plotted in figure 3.2b where the staining is plotted as a function of cell
count. Please note that the name of the staining in this plot does not correspond to the
flourescent dye used in the experiments, calcein AM. However, Alexa Flour 488 has the same
flourescent colour as calcein AM. There is a high count of Alexa Flour 488 positive events
which indicates that the sample contains many cancer cells.

From figure 3.2c, it can be determined that the concentration for that specific experiment
would be 556850 cells/mL.

(a) (b)

(c)

Figure 3.2.: Data taken from FACS with MCF7 cells staind with Calcein AM in PBS buffer.
a) Forward scatter plotted on the x-axis and side scatter plotted on the y-axis.
Live cells are gated as P1. b) Alexa Flour 488 (representing Calcein AM) plotted
on the x-axis and cell count plotted on the y-axis. c) The ratio between the events
from figure 3.2a and the gated events
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CHAPTER 4

Calculation of mobility ratio with particle

separation

The main objectives of this chapter is to get an understanding regarding how to calculate the
mobility ratio between cells and polystyrene beads, using MATLAB.

4.1. Background about mobility ratio

The mobility ratio between particles can be measured based on particle separation. With the
measurement method used in this thesis, no previous knowledge about viscosity of the fluid,
acoustic energy density, flow rate or the length of the channel is needed in order to obtain
mobility ratio. By measuring mobility ratios, the difference in mobility between particles can
be quantified. Further, it can be used in order to evaluate separation efficiency for different
particles. Particles that have similar acoustic mobility will be harder to separate from each
other [23]. In this thesis, measuring the mobility ratio will be of importance in order to
optimize parameters for particle separation. The ratio will give information about how
much faster one particle migrates towards the pressure node when affected by an acoustic
standing wave, compared to the other particle.

In this thesis, methods used to measure the mobility ratio have been performed according to
a thesis written by Linda Péroux [23]. The equation that is used relates the mobility ratio
to the particle path and is derived by Dr. Thierry Baasch, please see equation 4.5 .

Two forces will affect a particle in a channel: the radiation force Frad and the drag force
Fdrag. The Stokes drag force is given by the equation below:

F⃗drag = −6πηavp(y) (4.1)

where η is the dynamic viscosity of the fluid. The drag force affects the particle due to the
viscous interactions between the particle and the surrounding medium [1].

The radiation force is given by equation 2.4. If the size of the particle is above a critical size
ac, the radiation force 2.4 will dominate making the particle migrate towards the pressure
node [1].

The total force on the particle can be described as:
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F⃗tot = F⃗rad + F⃗drag = −4πϕka3Eacsin(2ky)− 6πηavp(y) (4.2)

At dynamic equilibrium, Ftot = 0. The velocity of the particle in the y-axis of the channel
can therefore be described with the following differential equation:

vp(y) = −2

3
ϕ
ka2

η
sin(2ky)Eac (4.3)

The mobility ratio of particle 1 over particle 2 can be described as:

MR1,2 =
ϕ1a

2
1

ϕ2a22
(4.4)

where ϕ1 is the acoustic contrast factor for particle 1 and ϕ2 is the acoustic contrast factor
for particle 2.

The equation that will be used in this thesis, taken from Linda Péroux thesis and derived
by Dr. Thierry Baasch relates the mobility ratio to the particle path as follows:

MR1,2 =
ϕ1a

2
1

ϕ2a22
=

∫ ye1
y0

( vx(y)
sin(2ky)

)dy∫ ye2
y0

( vx(y)
sin(2ky)

)dy
(4.5)

with vx(y) being the flow profile of the velocity in the x-direction. The parameters needed
to be measured for this equation is the initial position of the pre-focused particle stream y0
and the two positions of the particle streamlines after main focusing ye1 and ye2. Please see
figure 4.1 for description of these factors.

4.2. Calculation of mobility ratios using MATLAB

In this thesis, two different types of cells are separated from polystyrene beads in a chip, and
multiple pictures are taken as the voltage in the main channel increases to gather as much
data as possible. Polystyrene beads of varying sizes are also separated from each other. The
pictures like 4.1 are studied in MATLAB, where a number of pixels along the x-axis are
averaged, and their intensity is plotted as a function of their y-position, as shown in Figure
4.2. The peaks in the plot represent streamlines, and their width gives an uncertainty as
the width of the beam is related to the distribution and variability of the cells. The value of
the approximation of the peak position is obtained according to the method shown in figure
4.2a, and these values are presented as d1 and d2 in figure 4.2b. The two peaks in 4.2b to the
left and right represent the channel walls. The values of d1 and d2 are divided by two which
gives y0, ye1, and ye2. With these values, equation 4.5 is used in MATLAB to calculate the
mobility ratios.

From figure 4.1, one can see that y0 is measured in the beginning of the main channel where
the pre-focused particles have the same initial position. At the end of the main channel, ye1
and ye2 can be measured as the particles are separated due to the acoustic standing wave
into two different streams.
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Figure 4.1.: Red 9.89 µm and green 4.99 µm are separated in 20% Iodixanol. The picture
is analysed in MATLAB to obtain the value of y0, ye1 and ye2. The flow in the
chip goes from right to left. a) Picture taken at the end of the main channel,
the outlet fork. b) Picture taken at the beginning of the main channel, the inlet
fork

p2p1

peak = (p1+p2)/2

(a)

d2

d1
ye1 = d1/2
ye2 = d2/2

(b)

Figure 4.2.: Red 9.89 µm and green 4.99 µm are separated in 20% Iodixanol, where the
peaks represent the streamlines. The averaged pixel intensity is plotted as a
function of the y-axis position. a) This intensity curve is zoomed in on the
upper green streamline to demonstrate how the width is calculated to obtain
the peak position values, seen in b). The width corresponds to 11 pixels = 4
µm. b) The distance between two streamlines for two different particles. The
distance is shown as d1 and d2, and is divided by two to determine the position
of ye1 and ye2

The highest separation gap is used in order to determine the mobility ratio. This represents
the most extreme condition in which the particles exhibit the most significant separation.
If an average mobility ratio would be calculated, it would not represent the devices true
separation abilities. The average mobility ratio would weaken the influence of the extreme
separation condition.
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CHAPTER 5

Methods and results - polystyrene beads

This chapter explains the method used for the set up when separating polystyrene beads in
different sizes from each other. Furthermore, the results from three different experiments are
provided. In this chapter, we also compare the results in MQ water obtained in this thesis
with other results from another master student. The values of the three maximum separation
gaps are presented in the tables. However, it is the absolute maximum that is used and
compared as this is the most accurate value for the mobility ratio.

5.1. Method used for polystyrene beads

A total flow rate of 200 µL/min (Qtot), inlet splitting ratio of 0.8 (rin) and outlet splitting
ratio of 0.2 (rout) are used during these experiments. Camera exposure time is set to 1 second
and the temperature of the set-up is controlled by the temperature controller and is never
below 24.6◦C or above 30◦C. Two different buffers are used; MQ water and 20% Iodixanol.

The peak-to-peak voltage in the main channel piezo is set to different values to obtain more
data points. Pictures of the inlet and outlet are taken and studied in Matlab. By using
MATLAB, y0, ye1 and ye2 are measured according to 4.1. The measured values are obtained
from the intensity curve, see 4.2. Further, equation 4.5 is used in MATLAB in order to
obtain the mobility ratios.

The particles are diluted to a concentration of 0.0025%w/v, from the original concentration
of 2.5%w/v from manufacturer. This corresponds to a volume of 0.0025 mL for each particle
in a solution of 4.995 mL MQ water.

5.2. Red 9.89 µm and green 5.19 µm in MQ water and

20% Iodixanol

In this experiment, red 9.89 µm and green 5.19 µm particles were separated in two different
buffers. The mobility ratios for both MQ water and 20% Iodixanol can be seen in table 5.1.
The voltage in the main channel piezo is altered between 3V to 10V, with steps of 0.5V in
MQ water and in 20% Iodixanol.

Figure 5.1 is shown as a subplot and shows the mobility ratio in MQ water and 20% Iodixanol.
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Figure 5.1.: The mobility ratio for red 9.89 µm and green 5.19 µm polystyrene particles in
MQ water presented as red crosses, and in 20% Iodixanol presented as blue
crosses. The values for the isolines are 1,1.5,2,2.5,3,3.5,4,4.5,5

Table 5.1.: Mobility ratios for the three highest separation gaps for red 9.89 µm and green
5.19 µm in two different solutions. The highest gap value is presented in bold

Particles [µm] Mobility ratio - MQ Mobility ratio - 20% Iodixanol

9.89/5.19 3.02 3.67
3.10 3.78
3.26 3.80

5.3. Red 9.89 µm and green 7.81 µm in MQ water and

20% Iodixanol

In this experiment, red 9.89 µm and green 7.81 µm particles were separated in two different
buffers. The values of the mobility ratios can be seen in table 5.2. The voltage in the
main channel piezo is altered between 4V to 9.5V, with steps of 0.5V in MQ water. In 20%
Iodixanol, the voltage is altered between 8V to 19V with steps of 1V.

For these experiments, a fiber was found inside the chip when the experiment started, see
figure A.3 and A.4 in Appendix.

Figure 5.2 is shown as a subplot and shows the mobility ratio in MQ water and 20% Iodixanol.

Figure 5.2.: The mobility ratio for red 9.89 µm and green 7.81 µm polystyrene particles in
MQ water presented as red crosses, and in 20% Iodixanol presented as blue
crosses. The values for the isolines are 1,1.3,1.4,1.5,1.6,1.7
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Table 5.2.: Mobility ratios for the three highest separation gaps for red 9.89 µm and green
7.81 µm in two different solutions. The highest gap value is presented in bold

Particles [µm] Mobility ratio - MQ Mobility ratio - 20% Iodixanol

9.89/7.81 1.48 1.52
1.49 1.58
1.50 1.59

5.4. Red 4.99 µm and green 7.81 µm in MQ water and

20% Iodixanol

In this experiment, red 4.99 µm and green 7.81 µm particles were separated in two different
buffers. The mobility ratios can be seen in table 5.3. The voltage in the main channel piezo
is altered between 3V to 7.5V, with steps of 0.5V in MQ water. In 20% Iodixanol, the voltage
is altered between 5.5V to 14V with steps of 0.5V.

Figure 5.3 is shown as a subplot and shows the mobility ratio in MQ water and 20% Iodixanol.

Figure 5.3.: Showing the mobility ratio for red 4.99 µm and green 7.81 µm polystyrene
particles in MQ water represented as red crosses, and in 20% Iodixanol rep-
resented as blue crosses. The values for the isolines are 1, 1.5, 1.75, 2, 2.25, 2.5

Table 5.3.: Mobility ratios for the three highest separation gaps for red 4.99 µm and green
7.81 µm in two different solutions. The highest gap value is presented in bold

Particles [µm] Mobility ratio - MQ Mobility ratio - 20% Iodixanol

4.99/7.81 2.22 2.17
2.24 2.20
2.27 2.25

5.5. Comparison of mobility ratio

In table 5.4, the mobility ratios obtained where the gap is the highest are presented, for
three different experiments in two different buffers.

The results obtained in this thesis are compared to the results from another master student,
Linda Péroux, here referred to as ”Reference” [23]. In the table below, 5.5, the acoustic
mobility ratio for the highest gap are compared to reference values to draw a conclusion
about the accuracy. Both experiments are made in MQ water.

Further, figure 5.4 representing a bar graph can be seen with the values obtained of the
acoustic mobility ratio for all of the experiments in this thesis, compared to reference (values
by another master student, Linda Péroux [23]).
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Table 5.4.: The results obtained in this thesis are presented in the table below. The mobility
ratio in MQ water vs 20% Iodixanol for three different experiments

]

Particles [µm] Mobility ratio - MQ Mobility ratio - 20%

Red9.89/Green5.19 3.26 3.80

Red9.89/Green7.81 1.50 1.59

Red4.99/Green7.81 2.27 2.25

Table 5.5.: Mobility Ratios for different particles in MQ water. Reference of the mobility
ratio obtained at the highest gap are taken from another master student which
are also presented

]

Particles [µm] Mobility ratio - MQ Reference - MQ

Red9.89/Green5.19 3.26 3.26

Red9.89/Green7.81 1.50 1.50

Red4.99/Green7.81 2.27 2.22
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Figure 5.4.: The mobility ratio in this thesis is compared with the values obtained by another
master student, [23]. The particles that are compared are red 9.89 µm with green
5.18 µm, red 4.99 µm with green 7.81 µm and red 4.99 µm with green 7.81 µm
polystyrene particles, in MQ water

5.6. Reference experiment with fiber in the chip

During the experiment involving red 9.89 µm and green 7.18 µm beads, a fiber was observed
at the outlet fork in the acoustophoretic chip despite the attempts of rinsing the chip. To
evaluate the impact of the fiber on the results, a reference experiment is made using red
9.89 µm and green 5.19 µm beads with the fiber still present in the chip. This reference
experiment is aimed to compare the outcomes with a previous experiment that utilized the
same bead sizes (red 9.89 µm with green 5.19 µm) but was performed without the fiber in the
chip. The goal is to determine whether the fiber has any influence on the results obtained.

Pictures taken with the fiber inside the end of the outlet fork is compared with the picture
taken without the fiber inside the chip, see figure 5.5. The mobility ratios in MQ water for
both experiments are shown as a subplot in figure 5.6. In table 5.6, the maximum values of
the mobility ratios are shown.
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The reference experiment is conducted in MQ water. The voltage in the main channel piezo
is altered between 3.5V to 9V, with steps of 0.5V

(a) (b)

Figure 5.5.: Red 9.89 µm with green 5.19 µm in MQ water. The voltage in the main channel
piezo is 3V. a) Picture without a fiber in the end of the outlet fork of the chip.
b) The reference experiment with fiber in the end of the outlet fork of the chip

Figure 5.6.: Subplot with red 9.89 µm with green 5.19 µm beads in MQ water. The blue
crosses represents the values with the fiber. The red crosses represents the values
without the fiber. The values for the isolines are 1,1.5, 2,2.5,3, 3.5

Table 5.6.: Mobility ratio for the highest separation gap for particles 9.89 µm and 5.19 µm
without a fiber in the chip are compared to the mobility ratio obtained for the
same particles, with a fiber in the chip. Both experiments are made in a buffer
of MQ water

Particles [µm] Mobility ratio - No fiber Mobility Ratio - Fiber

9.89/5.19 3.26 3.13

5.7. Discussion

The results made in MQ water are compared to the results accomplished by another master
student, Linda Péroux, in her thesis ”Pushing the boundaries of acoustic particle separation:
achieving high-throughput, avoiding spillover effects, investigating the effects of the particle
concentration, and measuring acoustic properties” [23].

The concentration of particles used in this experiment (0.0025% w/v) is relatively low, which
may explain why the bands were not very visible. In comparing the red particles (9.89) to
the green particles (5.19) as an example, the green appear more intense. The reason could
be because the manufacturer-provided concentration is expressed as % weight per volume,
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making the amount of red particles lower than the green particles since the former are larger.
In Appendix A, it is clearly seen in the figures that the red are less visible.

In a related experiment [23], they tested different particle concentrations to determine if
concentration affected separation. The results showed that a maximum particle concentra-
tion of 0.005% w/v and a minimum concentration of 0.0005% w/v did not affect separation.
However, at higher concentrations, apparent acoustic energy density increased, hindering
particle separation, as evidenced by the separation curve. At higher concentrations, particles
are closer together and more likely to interact with each other.

In comparing the average mobility ratio obtained in this thesis to that obtained by Linda
Péroux [23], our results are in agreement with Linda Péroux. The variation was below 2.23%
for all experiments. The small difference in mobility ratio for red 9.89 µm with green 7.81 µm
might appear because of the acoustic properties of the particles, such as shape and size, can
be slightly different for different experiments depending on their structure and composition.
There can also be small differences in the particle concentrations used - as another concen-
tration than the one from the manufacturer was used, there could have appeared errors in
particle concentration measurements. The values from Péroux were compared with refer-
ence values obtained from particle tracking, another method for measuring mobility ratio.
Overall, the results obtained in this thesis are reasonable.

During the experiment involving red 9.89 µm and green 7.81 µm particles, a fiber was
discovered in the chip at the start of the experiment. We tried to clean the chip by rinsing
it several times as well as taking off the chip from its place to rinse it. Despite our attempts
to clean the chip, the fiber remained in place. However, it was determined that the presence
of the fiber did not impact the obtained results, as they were consistent with the findings of
Linda Péroux. Additionally, since the fiber was located at the end of the main channel, it did
not affect the particle separation process. Moreover, a reference experiment was conducted
using red 9.89 µm and green 5.19 µm particles with the fiber present in the chip, in order to
compare the results with those obtained without the fiber. Remarkably, the mobility ratio
remained unchanged, both with and without the fiber.

Equation 4.5 is independent of voltage, indicating that changing the voltage does not affect
the results. Therefore, voltage can be adjusted to obtain more data points.

Analyzing table 5.4, it can be concluded that there is no significant difference in mobility ratio
between red 4.99 µm with green 7.81 µm particles in MQ water vs 20% Iodixanol. However,
there is a difference between red 9.89 µm with green 7.81 µm as well as red 9.89 µm and green
5.19 µm particles. In both cases, the mobility ratio is higher in 20% Iodixanol, indicating
that the particles move more quickly relative to each other in this medium than in MQ water
when subjected to acoustic forces. This suggests that particles are more easily separated in
20% Iodixanol which in turn indicates that they have different material properties.
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CHAPTER 6

Methods and results - cell lines

In this chapter, the method used for separating DU145 cells from polystyrene beads, and
MCF7 cells from polystyrene beads, are presented. Additionally, the results obtained regarding
the mobility ratios between these cell lines and polystyrene beads in different buffers are
presented.

6.1. DU145 cell line for buffer optimization

6.1.1. Method used for DU145 cell line

DU145 cells are cultured according to standard procedure. 50 µL cells at a concentration
around roughly 556850 cells/mL according to FACS, are stained with 7 µL calcein AM and
10 µL polystyrene beads are added to the sample, in a solution of 1mL of the buffer used.
The voltage in the main channel piezo is swept between different voltages. The frequency is
constant at 4.86MHz in the prefocusing channel and 1.990 MHz in the main channel. The
total flow rate is held constant at 50 µL/min (Qtot) and rin at 0.8 and rout at 0.2. The
amplitude in the prefocusing channel is held constant at 2.5V. Camera exposure time is set
to 1 second and the temperature of the set-up is controlled by the temperature controller.
The temperature is never below 24◦C or above 30◦C.

The concentration of the polystyrene particles from the manufacturer are 2.5 %w/v. The
concentration used in this experiment after dilution is 0.00236 %w/v.

For these experiments, three polystyrene beads with different sizes are used; 9.89 µm, 7.81
µm and 4.99 µm. Three different buffers are used; PBS, 10% Iodixanol and 20% Iodixanol.

6.1.2. 9.89 µm polystyrene beads with DU145 cells

In figure 6.1, a subplot for red polystyrene beads with the size of 9.89 µm with DU145 beads
are plotted. Three different experiments were performed, with three different buffers: PBS,
10% Iodixanol, and 20% Iodixanol. In table 6.1, the mobility ratios for the three biggest gap
distances in different buffers are represented.

To calculate the mobility ratio, the mobility of the cells are divided with mobility of the
polystyrene beads.

23



Figure 6.1.: Subplot for three different expeirments made with DU145 cells and 9.89 µm in
PBS shown as red crosses, 10% Iodixanol shown as green crosses, and 20% Iod-
ixanol shown as blue crosses. The isolines represent mobility ratio 1,1.5,2,2.5,3,
3.5,4, 4.5, 5, 5.5 from bottom and up.

Table 6.1.: Mobility ratios for the three highest separation gaps for DU145 cells and red 9.89
µm beads in three different solutions. The highest gap value is presented in bold

Buffer MR (DU145, Red9.89)

PBS 1.76
1.78
1.80

10% 2.39
2.40
2.69

20% 4.67
4.88
5.10

6.1.3. 7.81 µm polystyrene beads with DU145 cells

In this experiment, DU145 cells are used with 7.81 µm polystyrene beads. In figure 6.2, a
subplot showing the separation curves for PBS and 10% Iodixanol is presented. In table 6.2,
the mobility ratios for the biggest gap distance for two different buffers are presented. Only
a few values were obtained in PBS as the cells ran out during the experiment.

To calculate the mobility ratios, the mobility of the cells are divided with mobility of the
polystyrene beads.

For the experiment in 10% Iodixanol, a fiber was found inside the chip when the experiment
started.
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Figure 6.2.: The separation curve obtained for the red 7.81 µm and DU145 cells in PBS,
shown as red crosses, and in 10% Iodixanol shown as green crosses. The graph
shows the mobility ratios for voltages swept between 9V to 14V with steps of 1V
with one picture taken for every voltage in PBS. In 10% Iodixanol, the voltages
are swept between 4V and 9V with steps of 1V, and two pictures taken for every
voltage. The isolines represent the mobility ratio 1,1.5,2,2.5,3, 3.5,4, 4.5, 5, 5.5
from the bottom line and up.

Table 6.2.: Mobility ratios for the three highest separation gaps for DU145 cells and red 7.81
µm beads in two different solutions. The highest gap value is presented in bold

Buffer MR (DU145, Red7.81)

PBS 1.48
1.51
1.67

10% 2.24
2.32
2.42

6.1.4. 4.99 µm polystyrene beads with DU145 cells

In this experiment, DU145 cells are used with 4.99 µm polystyrene beads. In figure 6.3, a
plot showing the separation curve in PBS presented. In table 6.3, the mobility ratio for the
three highest gap distances are presented.

To calculate the mobility ratio, the mobility of the polystyrene beads are divided with
mobility of the cells.
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Figure 6.3.: The separation curve obtained for the red 4.99 µm with DU145 cells in PBS,
shown as red crosses. The graph shows the mobility ratios for voltages swept
between 3V to 5.5V with steps of 0.5V with three picture taken for every voltage
in PBS. The isolines represent the mobility ratio 1,1.5,1.6,1.7,2, 2.5 from the
bottom line and up

Table 6.3.: Mobility ratios for the three highest separation gaps for DU145 cells and red 4.99
µm beads in one solutions. The highest gap value is presented in bold

Buffer MR (Red4.99, DU145)

PBS 1.61
1.67
1.89

An experiment for DU145 cells with red 4.99 µm polystyrene beads in a buffer of 20%
Iodixanol was also performed. However, there was no separation and the gap was always
around 0. In figure 6.4a, it can be seen that the red particles follow the green cells, and no
separation occurs which implies a mobility ratio around 1. In the linegraph plot 6.4b, the
different peaks representing the red particle beam and the cell beam cannot be distinguish
either. This also implies that the particles follow the cells.

Two different figures are presented here, taken at two different voltages, to strengthen the
thesis that the cells are where the particles are and that it is hard two see the different
beams. The amplitude in the main channel is 4.5V for figure 6.4 and 6.5V for figure 6.5

For this experiment, still 3 figures were taken for every voltage, where the amplitude in the
main channel altered between 1.6V and 5V with steps of 0.5-1.5V.

Outlet fork
DU145 cells with red 4.99
Rin = 0.8, Rout =0.2

100 µm

Flow Direction

(a) (b)

Figure 6.4.: Experiment for DU145 cells stained with green Calcein, and red 4.99µm particles
in a buffer of 20% Iodixanol. The amplitude in the main channel is 4.5V. a)
Picture taken at the outlet fork in the main channel. The particles cannot be
distinguished from the cells. The flow goes from right to left in the channel. b)
Linegraph plotted in Matlab, corresponding to figure 6.4a. The four different
lines that represent ye1 and ye2 cannot be distinguished
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Figure 6.5.: Experiment for DU145 cells stained with green Calcein AM, and red 4.99 µm
particles in a buffer of 20% Iodixanol. The amplitude in the main channel is
6.5V. a) Picture taken at the outlet fork in the main channel. The particles
cannot be distinguished from the cells. The flow goes from right to left in the
channel. b) Linegraph plotted in Matlab, corresponding to figure 6.5a. The four
different lines that represent ye1 and ye2 cannot be distinguished

6.1.5. Test of flow rate

As a lower total flow rate, Qtot, is used with these experiments compared to when only doing
experiments with polystyrene beads, a test is performed to control if the flow rate would
affect the beads. The test is performed on red 9.89 µm with green 5.19 µm in MQ water.
Qtot=50 µL/min is used for experiments with cells and Qtot=200 µL/min is used for beads.

Figure 6.6.: Subplot for two different experiments made with red 9.89 µm and green 5.19
µm in MQ water for 2 different flow rates. With a flow rate Qtot=200 µL/min
presented as red crosses and a flow rate Qtot=50 µL/min presented as black
crosses The isolines represent the mobility ratio 1,1.5,2,2.5, 3, 3.5 from bottom
and up
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Table 6.4.: Mobility ratio for the highest separation gap for particles red 9.89 µm with green
5.19 µm in MQ water at two different flow rates - Qtot=50 µL/min and Qtot=200
µL/min - are compared.

Particles [µm] Qtot=50 µL/min Qtot=200 µL/min

9.89/5.19 3.11 3.26

6.1.6. Discussion for DU145 cells

In the experiment involving DU145 cells and 9.89 µm particles in 10% buffer, only two
pictures for each voltage instead of three were taken due to an issue with the set-up. The
initial challenge was the presence of fibers inside the chip, which were successfully removed
after cleaning. However, another issue came up when we realized that the setup could not
transition directly from a higher total flow rate, automatically set at 500 µL/min when
starting the set up, to the flow rate required for cell experiments (50 µL/min). This abrupt
change did that the system did not stabilize properly. To deal with this problem, we gradually
reduced the total flow rate in increments of 50 µL/min until we reached the desired flow rate.
However, these problems resulted in a depletion of cells during the experiment, hence less
amount of cells and time to run with. Despite this, the impact on the results is expected to
be minimal as multiple pictures are taken only to reduce uncertainties.

When comparing the mobility ratio of DU145 cells with 9.89 µm polystyrene particles in
different buffers, a difference in mobility ratio can be observed. The mobility ratios obtained
in PBS, 10% Iodixanol, and 20% Iodixanol buffers were 1.80, 2.69, and 5.10, respectively.
Therefore, it can be concluded that the highest mobility ratio is achieved when 20% Iodixanol
is used as a buffer, resulting in better separation.

When it comes to DU145 cells with 7.81 µm polystyrene beads, the mobility ratio is higher
when adding Iodixanol (10% Iodixanol) compared to PBS. Hence same result as the exper-
iment using 9.89 µm particles. Overall, this variation in mobility ratio could be due to the
different acoustic properties of the buffers, which can affect the mobility of particles and
cells differently, with PBS being less viscous than Iodixanol. We did not get as many data
points in PBS as in 10% Iodixanol for the expeirment with 7.81 µm beads, as we ran out of
cells during the experiments due to fibers in the chip.

The results given from the experiment for DU145 cells and red 4.99 µm polystyrene beads
are only obtained from a PBS-buffer. The reason to this is because the cells and the particles
followed each other and could not be separated in a buffer of 10% Iodixanol. No gap between
them could be seen, which is clearly showed in figure 6.4 and 6.5. From this it can be
concluded that the mobility ratio is 1 in 10% Iodixanol.

Only two out of the three different buffers were tested for the experiments involving 7.81
µm and 4.99 µm particles. This was due to various challenges encountered during the
experiments, such as the presence of fibers in the chip and difficulties in stabilizing the
system, as previously described. Unfortunately, these issues led to the depletion of cells
during the experiments, preventing us from getting any data for all three buffers.

For the experiment with DU145 cells with 7.81 µm polystyrene beads in 10% Iodixanol, a
fiber was found at the end of the outlet fork in the chip when I already had started the
experiment. Despite our attempts to clean the chip, the fiber did not go away. However,
since this most likely was the same fiber as the run with red 9.89 µm with green 7.81 µm
beads (since the experiments were done after each other), this fiber did not affect the result.
This can be proved by the reference run with red 9.89 µm with green 5.19 µm beads that I
did dto evaluate how or if the fiber affected the result - which it did not do.

A test was conducted to examine the impact of flow rate on the behavior of the beads. A
flow rate of Qtot=200 µL/min was compared to a flow rate of Qtot=50 µL/min. The latter
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one corresponds to the flow rate employed during the experiments with cell lines. A lower
total flow rate was used as the cells need to be handled more delicately than the rigid and
stable polystyrene beads. As illustrated in figure 6.6, the two lines are closely align with
each other, indicating that the mobility ratio remains nearly unchanged when the flow rate
is reduced. This observation suggests that the lower flow rate has negligible effects on the
beads and is therefore a suitable choice.

6.2. MCF7 cell line for buffer optimization

6.2.1. Method used for MCF7 cell line

MCF7 cells are cultured according to standar procedure. 50 µL cells at a concentration
around roughly 556850 cells/mL according FACS, are stained with 7 µL Calcein AM and
10 µL polystyrene beads are added to the sample, in a solution of 1mL of the buffer used.
The voltage in the main channel piezo is swept between different voltages. The frequency
is constant at 4.86MHz in the prefocusing channel and 1.990 MHz in the main channel.
The total flow rate, Qtot is held constant at 50 µL/min and rin at 0.8 and rout at 0.2. The
amplitude in the prefocusing channel is held constant at 2.5V. Camera exposure time is set
to 1 second and the temperature of the set-up is controlled by the temperature controller.
The temperature is never below 24◦C or above 29◦C.

The concentration of the polystyrene particles from the manufacturer are 2.5 %w/v. The
concentration used in this experiment after dilution is 0.00236 %w/v. Three different buffers
are used - PBS, 10% Iodixanol and 20% Iodixanol.

6.2.2. 9.89 µm polystyrene beads with MCF7 cells

Experiments for MCF7 cells with red 9.89 µm polystyrene beads in three different buffers -
PBS, 10% Iodixanol and 20% Iodixanol, were performed.

No separation is seen in PBS and the gap is always around 0. In figure 6.7a it can be
seen that the red particles follow the green cells, and no separation occurs. In the plot in
figure 6.7b the different peaks representing the red particle beam and the cell beam cannot
be distinguish either. This also shows that the particles follow the cells, which implies a
mobility ratio of 1.

Two different figures are presented here, taken at two different voltages, to strengthen the
hypothesis that the cells are where the particles are and that it is hard two see the different
beams. The amplitude in the main channel is 2V for figure 6.7 and 3.5V for figure 6.8

For this experiment, still 3 figures were taken for every voltage, where the amplitude in the
main channel alters between 1V and 6V with steps of 0.5-1V.
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100 µm

Outlet fork
MCF7 cells with red 
9.89
Rin = 0.8, Rout = 0.2

Flow Direction

(a) (b)

Figure 6.7.: Experiment for MCF7 cells stained with green Calcein AM, and red 9.89 µm
particles in a buffer of PBS. The amplitude in the main channel is 2V. a) Picture
taken at the outlet fork in the main channel. The particles cannot be distin-
guished from the cells. The flow goes from right to left in the channel. b)
Linegraph plotted in Matlab, corresponding to figure 6.7a. The four different
lines that represent ye1 and ye2 cannot be distinguished

100µm

Outlet fork
MCF7 cells with red 
9.89
Rin = 0.8, Rout = 0.2

Flow Direction

(a) (b)

Figure 6.8.: Experiment for MCF7 cells stained with green Calcein, and red 9.89 µm particles
in a buffer of PBS. The amplitude in the main channel is 3.5V. a) Picture taken
at the outlet fork in the main channel. The particles cannot be distinguished
from the cells. The flow goes from right to left in the channel. b) Linegraph
plotted in Matlab, corresponding to figure 6.8a. The four different lines that
represent ye1 and ye2 cannot be distinguished

For the experiments made in the buffers 10% and 20% Iodixanol, the MCF7 cells never
moved to the center outlet. In both figure 6.9 and figure 6.10, the red polystyrene beads
move to the center while the cells move even closer to the side, meaning that they have a
negative contrast factor.
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Outlet fork
MCF7 cells with red 
9.89
Rin = 0.8, Rout = 0.2
10% Iodixanol

100µm

Flow Direction

Figure 6.9.: Picture taken at the outlet fork in the main channel at an amplitude of 3.5V
in the main channel, for MCF7 cells stained with Calcein AM and red 9.89 µm
polystyrene beads in 10% Iodixanol as a buffer. The red particles are clearly
separated from the green cells.

Outlet fork
MCF7 cells with red 
9.89
Rin = 0.8, Rout = 0.2
20% Iodixanol

100µm

Flow Direction

Figure 6.10.: Picture taken at the outlet fork in the main channel at an amplitude of 5V in
the main channel, for MCF7 cells stained with Calcein AM and red 9.89 µm
polystyrene beads in 20% Iodixanol as a buffer. The red particles are clearly
separated from the green cells.

6.2.3. Discussion for MCF7 cells

MCF7 cells with 9.89 µm polystyrene beads in PBS could not be separated. The cells
followed the particles and the different streams could not be distinguished, which is clearly
showed in figure 6.7 and in figure 6.8. This implies a mobility ratio of 1.

Figure 6.9 and figure 6.10 illustrate a noteworthy phenomenon observed in the presence of a
buffer containing 10% and 20% Iodixanol, respectively. The observed behavior of the MCF7
cells deviates from their expected movement towards the center, and moved even closer to
the sides. This behaviour that is seen shows that the acoustic contrast factor changed for
MCF7 cells when adding Iodixanol. The cells obtained a negative acoustic contrast factor,
thereby preventing their migration towards the center and resulted in better separation.

The mobility ratios cannot be measured for the MCF7 cells since the curves that are plotted
in MATLAB do not apply for negative contrast factors. The cells are very close to the walls
which leads to hydrodynamic interactions. The walls also create additional forces on the
cells which in turn can influence the motion of the cells. As a result, the mobility ratios of
the cells may be altered which will make it hard to analyze.
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CHAPTER 7

Conclusions

7.1. Concluding remarks

The main objective of this thesis was to compare the mobility ratios in MQ water for differ-
ently sized polystyrene beads with results obtained from another master student, as well as
separate them using different buffers. Furthermore, to evaluate the mobility ratio for DU145
cells and MCF7 cells in different buffers. By cultivating and growing these cancer cells, they
could be used together with polystyrene beads in an acoustofludic chip in order to evaluate
the mobility ratio. This was done by measuring the displacement of the particles and cells
from their initial positions.

Comparisons between polystyrene beads were drawn between the mobility ratios observed
in MQ water and those obtained by another master student, Linda Péroux, also in MQ
water, yielding similar outcomes. Moreover, from this thesis we can conclude that the
mobility ratios generally exhibited higher values in a buffer of 20% Iodixanol. This discovery
implies that the material properties of large and small particles, despite sharing the material
composition of polystyrene beads, are influenced by the surrounding buffer medium. This
leads to the conclusion that they differ in material properties. This unexpected outcome
should be further investigated, as polystyrene beads often are used as reference material in
research.

When examining DU145 cells, separation was observed with 9.89 µm beads for all buffer
conditions, with particularly favorable results in 20% Iodixanol. For 7.81 µm beads, the
most effective separation was achieved in 10% Iodixanol compared to PBS. In contrast,
4.99µm beads had optimal separation in PBS rather than 20% Iodixanol. The reason for
the differences in separation efficiency between 9.89 µm, 7.81 µm and 4.99 µm beads in PBS
is associated to their respective velocities relative to the cells. 4.99 µm move slower than
cells in PBS, compared to the bigger particles that move faster than cells. However, when
introducing Iodixanol to the buffer, the cells velocity decreases. This means that the cells
will follow the slow 4.99 µm beads more, while there will be a better separation for the
bigger beads. When it comes to MCF7 cells, the best separation was seen in 10% Iodixanol
and even a little bit better in 20% Iodixanol. For these experiments, we can conclude that
we got a sign change for the acoustic contrast factor when adding Iodixanol, giving optimal
separation.

Since we were able change the acoustic contrast factor for MCF7 in 10% and 20% Iodixanol,
it would be possible to separate these cells from DU145 cells in these two buffers.
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Working with cells proved to be more challenging and time-consuming than initially anti-
cipated. Firstly, due to their biological nature, cells need to be handled delicately and are
very fragile. Moreover, tasks that were initially observed as relatively straightforward, such
as identifying suitable cell staining methods or determining optimal bead concentrations,
consumed more time than expected. Lastly, the evaluation of images to measure mobility
ratios proved to be more demanding than first anticipated. Mostly because the stream of
the cells were very wide, as can be seen on all the pictures, and therefore hard do evaluate.
Additionally, several issues came up during the experimental setup, such as the presence of
fibers in the chip. This unexpected occurrence resulted in a depletion of the cells that were
intended to be used for the experiment on that particular day. Since cells require cultivation
and growth, we had to endure a delay of several days before being able to repeat the same
experiment. With this said, I for sure have the experience of knowing that research take
much longer time than expected, especially when working with cells, and that it takes a lot
of planning to do only one experiment.

On the whole, this thesis presented different ways to optimize buffers for separation of DU145
cells from differently sized polystyrene beads, as well as for MCF7 cells. This gives inform-
ation and knowledge about how these cells behave and can be used in further research for
separating these cells from other cell lines. Additionally, measuring mobility ratios provides
valuable result into the separation of cells or particles within a particular buffer medium and
can be used for further investigations of separation efficiency.

7.2. Future research

Following experiments and improvements for separation of cells and particles might be of
interest to investigate in the future.

- Further experimentation should be made to test other buffers for the separation of DU145
cells with beads of varying sizes. The objective is to identify a buffer that can achieve even
better separation than the ones investigated in this thesis.

- An interesting experiment would be to explore the separation of MCF7 cell lines from other
breast cancer cell lines considering their similar acoustophoretic mobilities in water.

- More cells could be investigated. In this thesis, our hope was to test alpha- and beta cell
lines as well. The goal is to separate these cell lines not only from polystyrene beads but
also from each other.

- In the future, an improvement would be to test the concentration of cells at least one or
two more times to get a better understanding of the concentration levels.
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APPENDIX A

Figures from experiments - Polystyrene beads

Two figures taken at the outlet fork from each experiment made with polystyrene beads are
presented - one in the beginning before the particles have separated, and one in the end
when/if the particles have separated. In all figures, the flow goes from right to left.

(a) (b)

Figure A.1.: Red 9.89 µm and green 5.19 µm polystyrene beads in MQ water. a) rin = 0.8,
rout = 0.2. Qtot = 200 µL/min. No separation is seen. b) rin = 0.8, rout = 0.2.
Qtot = 200 µL/min. Separation is seen
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(a) (b)

Figure A.2.: Red 9.89 µm and green 5.19 µm polystyrene beads in 20% Iodixanol. Here, the
picture is taken more zoomed out than other pictures taken. The reason to why
a different magnification was used was because it was forgotten to change to the
”correct” one after the chip was cleaned. a) rin = 0.8, rout = 0.2. Qtot = 200
µL/min. No separation is seen. b) rin = 0.8, rout = 0.2. Qtot = 200 µL/min.
Separation is seen

(a) (b)

Figure A.3.: Red 9.89 µm and green 7.81 µm polystyrene beads in MQ water. For this
experiment, there was a fiber in the chip. However, this did not affect the
separation as the fiber was far down in the chip. a) rin = 0.8, rout = 0.2. Qtot

= 200 µL/min. No separation is seen. b) rin = 0.8, rout = 0.2. Qtot = 200
µL/min. Separation is seen

(a) (b)

Figure A.4.: Red 9.89 µm and green 7.81 µm polystyrene beads in 20% Iodixanol. For this
experiment, there was a fiber in the chip. However, this did not affect the
separation as the fiber was far down in the chip. Furthermore, the particles
are very hard to see as there was a lot of problem with the set up during the
experiment, hence the pictures are taken after the sample has been running for
a while. a) rin = 0.8, rout = 0.2. Qtot = 200 µL/min. No separation is seen. b)
rin = 0.8, rout = 0.2. Qtot = 200 µL/min. Separation is seen
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(a) (b)

Figure A.5.: Red 4.99 µm and green 7.81 µm polystyrene beads in MQ water. As the green
particles are bigger, they move faster to the center, compared to the other two
experiments. a) rin = 0.8, rout = 0.2. Qtot = 200 µL/min. No separation is
seen. b) rin = 0.8, rout = 0.2. Qtot = 200 µL/min. Separation is seen

(a) (b)

Figure A.6.: Red 4.99 µm and green 7.81 µm polystyrene beads in 20% Iodixanol. As the
green particles are bigger, the move faster to the center. a) rin = 0.8, rout =
0.2. Qtot = 200 µL/min. No separation is seen. b) rin = 0.8, rout = 0.2. Qtot

= 200 µL/min. Separation is seen
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APPENDIX B

Figures from experiments - DU145 cells

Two figures taken at the outlet fork from each experiment made with DU145 cells with
polystyrene beads are presented - one in the beginning before the particles have separated
from the cells, and one in the end when/if the particles have separated from the cells. In all
figures, the flow goes from right to left.

(a) (b)

Figure B.1.: DU145 cells with red 9.89µm polystyrene beads in PBS. a) rin = 0.8, rout =
0.2. Qtot = 50 µL/min. No separation is seen. b) rin = 0.8, rout = 0.2. Qtot =
50 µL/min. Separation is seen

(a) (b)

Figure B.2.: DU145 cells with red 9.89µm polystyrene beads in 10% Iodixanol. a) rin = 0.8,
rout = 0.2. Qtot = 50 µL/min. No separation is seen. b) rin = 0.8, rout = 0.2.
Qtot = 50 µL/min. Separation is seen
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(a) (b)

Figure B.3.: DU145 cells with red 9.89µm polystyrene beads in 20% Iodixanol. a) rin = 0.8,
rout = 0.2. Qtot = 50 µL/min. No separation is seen. b) rin = 0.8, rout = 0.2.
Qtot = 50 µL/min. Separation is seen

(a) (b)

Figure B.4.: DU145 cells with red 7.81µm polystyrene beads in PBS. a) rin = 0.8, rout =
0.2. Qtot = 50 µL/min. No separation is seen. b) rin = 0.8, rout = 0.2. Qtot =
50 µL/min. Separation is hard to see

(a) (b)

Figure B.5.: DU145 cells with red 7.81µm polystyrene beads in 10% Iodixanol. For this
experiment, there was a fiber in the chip. However, this did not affect the
separation as the fiber was far down in the chip. Furthermore, this experiment
was done the same day as the Red 9.89 µm and green 7.81 µm polystyrene
beads in 20% Iodixanol. That experiment proved that the fiber did not affect
the separation since the same result as another master student was given. a)
rin = 0.8, rout = 0.2. Qtot = 50 µL/min. No separation is seen. b) rin = 0.8,
rout = 0.2. Qtot = 50 µL/min. Separation is seen
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(a) (b)

Figure B.6.: DU145 cells with red 4.99µm polystyrene beads in PBS. a) rin = 0.8, rout =
0.2. Qtot = 50 µL/min. No separation is seen. b) rin = 0.8, rout = 0.2. Qtot =
50 µL/min. Separation is seen
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